A phase transition from a classical thermal mixed state to a quantum-mechanical pure state of exciton polaritons is observed in a GaAs multiple quantum-well microcavity from the decrease of the second-order coherence function. Supporting evidence is obtained from the observation of a nonlinear threshold behavior in the pump-intensity dependence of the emission, a polariton-like dispersion relation above threshold, and a decrease of the relaxation time into the lower polariton state. The condensation of microcavity exciton polaritons is confirmed.
The search for the macroscopic quantum coherence formed in a degenerate Bose gas drives the worldwide work on atom Bose-Einstein condensation (BEC). Though the observed first order coherence of atoms is a direct manifestation of the wave nature of matter, only secondorder and higher-order coherence functions can distinguish quantum-mechanical pure states from a classical thermal mixed state (1). In quantum optics, quantum phase transitions have been studied extensively for lasers and parametric oscillators via the second order coherence function. For atomic BECs, the second-and third-order coherence functions have been measured indirectly in the spatial domain (2, 3) but not in the time domain. Semiconductor exciton polaritons constitute another promising system to explore the physics of degenerate Bose gases, but in a stronger interaction regime (4, 5) . However, conclusive evidence of condensation of excitons or polaritons has been elusive. We have obtained evidence for the formation of macroscopic quantum coherence by measuring the time domain of second-order coherence function g (2) () of the light emitted from the polaritons
where Ê (Ϫ) (t) and Ê (ϩ) (t) are the negative and positive frequency parts of the electric field operator at time t, respectively (1).
When the optical field of a semiconductor microcavity strongly couples to the heavyhole excitons in embedded quantum wells (QWs) (Fig. 1A) , new normal modes are formed, the lower polariton (LP) and the upper polariton (UP) (6) . The coupling strength of the interband dipole moment to the cavity optical mode determines the splitting between the UP and LP energies. The confinement of the excitons in a QW lifts the degeneracy of the heavy-hole and light-hole excitons, so that the UP and the LP are only twofold degenerate by their spins. With integer total spin, QW excitons and cavity polaritons behave as interacting bosons in the low-density regime. The exchange interaction between the excitons' fermionic constituents, electrons and holes, introduces a repulsive interaction between excitons with identical spins (4, 5, 7, 8) . This weak repulsive interaction is indispensable for the formation of exciton or polariton BECs.
In the search for polariton condensation effects, a nonlinear emission has been observed in exciton-polariton systems (9-11), but the mechanism leading to the observed nonlinearity was not clarified. Pump-probe experiments (12, 13) provided evidence of the bosonic final-state stimulation and the amplification of polaritons by polariton-polariton scattering, which is also the mechanism for creating the macroscopic polariton condensation in the work presented here. In our experiments, excitons with a large transverse momentum are initially created by optical pumping. They relax by polariton-polariton scattering (through the exciton component of the wave function) and cool subsequently by phonon emission, thereby losing the coherence inherited from the pump wave and forming a real exciton-polariton population with a quasi-thermal distribution (Fig. 1B) . Due to the slow phonon emission rate and fast radiative decay rate in the region of small in-plane wavenumber k region, most of the injected excitons radiatively decay before they relax to the bottom of the LP branch (the k ʈ ϭ 0 LP state). However, it is expected that above a critical pump intensity, when the LP population per mode around k ʈ ϭ 0 approaches one, the elastic scattering of two LPs into the k ʈ ϭ 0 LP and a higher-energy LP is considerably enhanced due to bosonic final-state stimulation. This stimulated LP-LP scattering is a phase coherent process, analogous to the phase coherent stimulated emission in a laser. Consequently, a macroscopic coherent population can quickly build up in the k ʈ ϭ 0 LP state, forming a condensate.
However, the quasi-particle picture of polaritons breaks down when the exciton density exceeds the saturation limit, where the exciton decoherence rate due to excitonphonon scattering exceeds the UP-LP splitting. The normal modes of the system then become the cavity photon and the QW exciton. In order to increase the saturation limit, we used a system with 12 GaAs quantum wells placed at the antinode positions of a GaAs/AlGaAs microcavity (Fig. 1A) . In such a system, the effective exciton density per QW is reduced to one-twelfth of the total exciton density, and hence the exciton decoherence rate for a given polariton population is suppressed. Moreover, the UP-LP splitting is increased by the square root of the number of QWs (14, 15) . When the polariton splitting becomes comparable to the bare exciton binding energy, the effective exciton radius in the LP is also reduced dramatically (16) . All these effects combined make the condensation of k ʈ ϭ 0 lower polaritons possible before the saturation limit is reached.
In all of our measurements, the sample temperature was 4 K. Reflectivity measurements gave 1.6116 eV and 14.9 meV for the bare exciton energy and the UP-LP splitting, respectively. The experimental setup is depicted in Fig. 1C . We excited the initial polariton population using a mode-locked Ti-Sapphire laser with a pulse duration of 3 ps and a repetition rate of 76 MHz. The pump was circularly polarized and focused to a spot 20 m in diameter on the sample where the QW exciton is on resonance with the cavity photon under weak excitation. At 40°from normal incidence in air, the pump was resonant with polaritons having an in-plane wavenumber k ʈ ϭ 5.33 ϫ 10 4 cm
Ϫ1
. At this incidence angle, direct coherent four-wave mixing is forbidden (17, 18) . We collected the emitted light with an angular resolution of 1°in air using an optical fiber that was connected to an imaging spectrometer, a streak camera for time domain analysis, or a Hanbury Brown-Twisstype (HB-T) setup for the measurement of the second order coherence function.
The emission intensity I into the normal direction is proportional to the population of the polaritons in the k ʈ ϭ 0 LP state. Its dependence on the pump intensity reveals a sharp super-linear increase near the threshold ( Fig. 2A) , which indicates the onset of stimulated polariton-polariton scattering into the k ʈ ϭ 0 LP state. The pump power density at threshold is P th ϳ 300 W/cm 2 , corresponding to an excitation density of n QW ϭ 8 ϫ 10 9 cm Ϫ2 polaritons per pulse per QW (19) . It is 30 times smaller than the saturation limit and more than two orders of magnitude smaller than the Mott density of 3 ϫ 10 12 cm Ϫ2 per QW. The total exciton population is n LP ϭ 12n QW ϳ 10 11 cm Ϫ2 per pulse. The LP population per mode around k ʈ ϭ 0, n LP , at threshold is estimated to be of the order of unity (19) . Emission spectra (Fig. 2B) feature a blue shift of the emission energy due to the phase space filling of the excitons (20) . The maximum blue shift of 3 meV is still much less than half of the UP-LP splitting of 7.45 meV; i.e., the energy of the emission always (B) Reflection spectrum (upper curve), and emission spectra of the LP at various pump intensities (lower curves). The relatively broad emission bandwidth is due to polariton-polariton interaction (27) . The broad linewidth of the UP reflection spectrum, compared with the LP linewidth, is due to the background band-to-band absorption, and the increased exciton size in the UP, caused by the very strong coupling between the cavity optical mode and interband dipole moment (16) . (C) Observed dispersion of the LP below and above threshold. Both curves agree with the calculated LP dispersion (solid line) and are well discriminated from the calculated QW exciton and cavity photon dispersions (dashed lines). Energy origins of the curves are shifted for easy comparison.
remains distinctly below the QW exciton and cavity photon energy. This ensures that the polariton is still the normal mode of the system. To measure energy versus transverse wavenumber, we collected the far-field emission spectra at various external emission angles. The results are compared with the theoretical dispersion curves for the LP, cavity photon, and QW exciton (Fig. 2C) . The effective mass of the quasi-particle responsible for the nonlinear emission is defined by m eff ϭ ប
) and can be deduced from the measured dispersion curves. It is about the same below threshold and just above threshold, both in close agreement with the theoretical value. At P/P th ϭ 17, which is the highest pump intensity we used, m eff decreased by 30% due to the blue detuning of the exciton energy with respect to the cavity photon energy as a result of the phase space filling effect described above (20) . This is in sharp contrast to a saturated GaAs single QW microcavity system for which a transition of the effective mass from twice the photon mass to the photon mass was observed at threshold (21, 22) . That the measured LP mass is significantly larger than the bare photon mass is strong evidence that we have observed a polariton condensate rather than a normal photon laser.
We present the result of a time-domain measurement of the k ʈ ϭ 0 LP emission intensity detected at normal direction by a streak camera with an overall resolution of 5 ps (Fig. 3) . The full width at half maximum (FWHM) and turnon delay of the emission pulse are obtained by deconvolving the detected pump pulse from the detected emission pulse. Distinctly different from the coherent polariton four-wave mixing process (15, 17, 23) , there is a finite turn-on delay and turn-off decay of the k ʈ Ϸ 0 LP emission relative to the pump pulse. This is a signature that the optically injected polaritons relaxed into the k ʈ ϭ 0 LP state. Below threshold, the relaxation of the LPs is mainly due to slow multiple-phonon emissions, resulting in a large delay time of about 100 ps and a very long decay tail of about 350 ps. Above threshold, the stimulated LP-LP scattering accelerates the relaxation, leading to a much shorter turn-on delay and turn-off decay.
To measure the second-order coherence function, the pulsed LP emission centered at 770.8 nm was collected in the direction normal to the sample surface and was filtered by a monochromator with a resolution of ⌬ ϭ 0.1 nm, resulting in a pulse with a coherence time of ⌬ c ϭ ͌ 8 ln2 2 /(c⌬) ϳ 4 ps. The filtered pulse was then sent to an HB-T setup (Fig. 1C) . Two single photon counting modules were used for detection. The electronic pulses from the photon counters were used as start (t 1 ) and stop (t 2 ) signals for a time-to-amplitude converter (TAC), which is in turn connected to a multi-channel analyzer (MCA). The MCA records a histogram of the time intervals t 2 -t 1 . The time resolution T r ϭ 500 ps of the photo counters is much longer than the emission pulse width in our experiment, but still much shorter than the pulse repetition period T rep ϭ 13 ns. Hence, the recorded histograms consist of equally spaced peaks with a width determined by T r . The normalized peak areas are given by
where n 1 (i) and n 2 (i ϩ j) are the photon numbers detected by the two photon counters in pulses i and i ϩ j, respectively. In the limit of low average count rates (Ͻ0.01 per pulse in our experiment), g (2) ( j ) approximates g (2) () (defined in Eq. 1) time averaged over each pulse. Below threshold, the emission is expected to be in a multimode thermal state, for which g (2) (0) ϭ 2 and g (2) ( Ͼ Ͼ ⌬ c ) ϭ 1 (24 ) . The FWHM temporal width of the pulse is about 350 ps below threshold (Fig. 3) , much longer than ⌬ c . The measured g (2) (0) (Fig. 4) is an integration of g (2) (0) over the whole pulse (Eq. 2) and therefore is close to 1. At threshold, the pulse width shortens to ϳ8 ps and is now comparable to ⌬ c . Hence, g (2) (0) is close to g (2) (0). Here, we observed bunching of the emitted photons, with a maximum g (2) (0) of 1.77 at P/P th ϳ 1.1. This bunching effect, which is obscured by the time integration effect below threshold, is expected 
(0) versus pump intensity P/P th .
for a thermal state. Far above threshold, the pulse width only decreases further and therefore g (2) (0) remains a good estimate for g (2) (0). However the g (2) (0) measured in this region decreases, demonstrating that second-order coherence, or in other words, a quantum-mechanical pure state, is forming in the polariton condensate.
In conclusion, the quantum phase transition from a classical thermal mixed state to a quantum-mechanical pure state in an exciton polariton system is confirmed by observing the decrease of g (2) (0) above threshold. It is still an open question what specific quantum state the condensate falls into. A standard BEC theory suggests a particle number eigenstate at absolute zero temperature. The quantum Monte-Carlo wavefunction analysis based on the excitonphonon coupling in an open system suggests a coherent state (25) . However, the interactions among polaritons leads to virtual excitations of quantum correlated pair excited states (26, 27) , which resembles a squeezed state in quantum optics. For all of these cases, g (2) (0) is expected to approach one, so the present experiment does not distinguish among these possible quantum states. Fortunately, due to the half matter-half light nature of the polaritons (28), their coherence properties are transferred to the emitted light field. They then can be measured with methods well developed in quantum optics such as higher-order coherence functions and optical homodyne tomography (29) . Future research along this line should clarify the exact nature of the quantum state that the polariton condensate approaches above threshold.
